C]-methionine (MET) have been used as radiotracers for identifying neoplasms. In the diagnosis of central nervous system tumors, the usefulness of these radiotracers for brain tumors has been established for evaluating malignancies, therapeutic response, or differentiation of tumor recurrence from tissue necrosis. 1, 2, 7, 10, 20, 22, 23 However, investigations of spinal intramedullary tumors using PET remain sporadic, with only case reports or case series available to date. 5, 6, 8, 11, 13, [15] [16] [17] 18 PET diagnosis of spinal intramedullary tumors can- 18 F]-fluorodeoxyglucose (FDG)-PET/CT was performed in 26 patients with spinal intramedullary lesions. The region of interest (ROI) within the spinal cord parenchyma was placed manually in the axial plane. Maximum pixel counts in the ROIs were normalized to the maximum standardized uptake value (SUV max ) using subject body weight. For FDG-PET the SUV max was corrected for lean body mass (SUL max ) to exclude any influence of the patient's body shape. Each SUV was analyzed based on histopathological results after surgery. The diagnostic validity of the SUV was further compared with the tumor proliferation index using the MIB-1 monoclonal antibody (MIB-1 index). reSultS A total of 16 patients underwent both FDG-PET and MET-PET, and the remaining 10 patients underwent either FDG-PET or MET-PET. Pathological diagnoses included high-grade malignancy such as glioblastoma multiforme, anaplastic astrocytoma, or anaplastic ependymoma in 5 patients; low-grade malignancy such as hemangioblastoma, diffuse astrocytoma, or ependymoma in 12 patients; and nonneoplastic lesion including cavernous malformation in 9 patients. Both FDG and MET accumulated significantly in high-grade malignancy, and the SUL max and SUV max correlated with the tumor proliferation index. Therapeutic response after chemotherapy or radiation in high-grade malignancy was well monitored. However, a significant difference in SUL max and SUV max for FDG-PET and MET-PET was not evident between low-grade malignancy and nonneoplastic lesions. coNcluSioNS Spinal PET/CT using FDG or MET for spinal intramedullary lesions appears useful and practical, particularly for tumors with high-grade malignancy. Differentiation of tumors with low-grade malignancy from nonneoplastic lesions may still prove difficult. Further technological refinement, including the selection of radiotracer or analysis evaluation methods, is needed.
not be considered well established because of the relatively rare occurrence of this tumor type and the limited spatial resolution associated with spinal cord lesions. In the differential diagnosis of spinal intramedullary lesions, conventional imaging analyses using CT or MRI may not always provide qualitative information. Therefore, establishing qualitative imaging techniques for spinal intramedullary lesions is desirable. The present study attempts to qualitatively evaluate spinal intramedullary lesions using spinal FDG-or MET-PET/CT and to analyze clinical relationships with pathological diagnosis.
methods patients
A total of 61 patients with spinal intramedullary lesions have been treated surgically at Osaka City University Hospital over the 5-year period from 2009 to 2014. FDG-or MET-PET/CT was conducted for further qualitative analysis after a comprehensive imaging evaluation prior to surgery in 26 of 61 patients (42.6%). This study included 16 male and 10 female patients, ranging in age from 16 to 80 years (mean 47.6 years). Tumor location was cervical in 15 patients and thoracic in 11 patients.
pet analysis
PET analysis in our institute has been described previously. 7, 20, 22, 23 Briefly, PET/CT images were obtained using a Biograph 16 system (Siemens Medical Solutions). After 4 hours of fasting, 6 MBq/kg of MET or 370 MBq of FDG was injected intravenously over 30 seconds. After a transmission scan was obtained, a static scan over 10 minutes was initiated 20 minutes after injection. Axial and transaxial resolutions of PET were 4.4 and 4.4 mm (full width at half maximum), respectively. The emission scan was reconstructed to a matrix of 336 × 336, and attenuation and scatter corrections were performed. Voxel size was 1.02 × 1.02 × 2 mm. The region of interest (ROI) within the spinal cord was placed manually in the axial plane by 1 examiner (K.N.). ROIs within the spinal cord parenchyma were demarcated manually. Maximum pixel counts in ROIs were normalized to the maximum standardized uptake value (SUV max ) using the patient's body weight. The SUV max was calculated according to the following formula: [(pixel count/pixel volume)/(injected radio isotope activity/body weight)] × calibration factor. For FDG-PET the SUV max was corrected for lean body mass (SUL max ) in order to exclude any influence of body shape. 19, 24 Each SUL max for FDG-PET or SUV max for MET-PET was analyzed based on the pathological findings after surgery. The diagnostic validity of SUL max or SUV max was also compared with the tumor proliferation index using an MIB-1 monoclonal antibody (MIB-1 index). The diagnostic validity of the present study was examined using receiver operating characteristic (ROC) analysis. Independent variables and dependent dichotomous variables were considered to represent SUL max or SUV max (for FDG-PET or MET-PET, respectively) and tumor malignancy. Highgrade or low-grade tumor malignancy was classified based on conventional pathological diagnosis. WHO Grade III or IV tumors or germ cell tumors were recognized to have high-grade malignancy, whereas WHO Grade I or II tumors were recognized to have low-grade malignancy.
Statistical analysis
We used 1-way ANOVA followed by the Tukey-Kramer method to determine statistical differences between the SUL max and SUV max data for each group. Statistical analysis of correlations between the 2 variables was performed using Spearman's rank correlation coefficient. We used JMP version 9.0 software (SAS Institute) for statistical analysis. Values of p < 0.05 were considered significant.
Statement of ethics
We certify that all applicable institutional and governmental regulations concerning the ethical use of clinical data were followed in the present study. This retrospective, comprehensive analysis of surgery-related outcomes was approved by the ethics committee of Osaka City University Graduate School of Medicine. Patient informed consent was obtained prior to PET examination.
results
A total of 16 patients underwent both FDG-PET/CT and MET-PET/CT (hereafter referred to as FDG-PET and MET-PET for simplicity), and the remaining 10 patients underwent either FDG-PET or MET-PET. Pathological diagnoses included high-grade malignancy such as glioblastoma multiforme, anaplastic astrocytoma, or anaplastic ependymoma in 5 patients; low-grade malignancy such as hemangioblastoma, diffuse astrocytoma, or ependymoma in 12 patients; and nonneoplastic lesion including cavernous malformation in 9 patients. The characteristics of all 26 patients are summarized in Table 1 .
Clinical Significance of Spinal PET to Determine Tumor malignancy
The mean SUL max or SUV max (± SE) for FDG-PET and MET-PET in patients with high-grade malignancy was 7.24 ± 1.94 and 4.18 ± 1.13, respectively (Fig. 1) . The mean SUL max or SUV max for FDG-PET and MET-PET in cases of low-grade malignancy (2.24 ± 0.23 and 2.13 ± 0.16, respectively) was comparable to that of nonneoplastic lesions (1.97 ± 0.55 and 2.00 ± 0.55, respectively) ( Fig. 1 ). There was a significant difference in SUL max or SUV max between high-and low-grade malignancies, but not between low-grade malignancy and nonneoplastic lesions. Therefore, spinal PET/CT using FDG or MET appears to offer a practical method for identifying high-grade malignancy in cases of spinal intramedullary tumor.
clinical correlation between Sul max /Suv max and tumor proliferation index SUL max or SUV max of FDG-PET or MET-PET was compared with the MIB-1 index. A correlation was suggested between SUL max or SUV max and the MIB-1 index (Fig. 2) . Higher values for SUL max or SUV max correlated well with a higher tumor proliferation index, suggesting that SUL max or SUV max may predict tumor malignancy before surgery.
roc analysis
ROC curves for FDG-PET and MET-PET are shown in Fig. 3 . An increase in SUL max or SUV max is a valid diagnostic tool for differentiating high-grade malignancy from low-grade malignancy. An SUL max value of 4.0 was considered to be the best diagnostic cutoff value, and the FDG-PET modality exhibited 100% sensitivity and 91.7% specificity. The predictive probability of a positive FDG-PET test was 80%, and the predictive probability of a negative test was 100%. An SUV max of 3.0 was considered to be the best diagnostic cutoff value, and the MET-PET modality exhibited 75% sensitivity and 100% specificity. The predictive probability of a positive MET-PET test was 100%, and the predictive probability of a negative test was 90%.
illustrative cases

Case 3
A 37-year old male presented with an acute progression of sensory disturbance in the left upper extremity. Cervical MRI showed spinal cord swelling with intramedullary hyperintensity on T2-weighted imaging and heterogeneous enhancement on T1-weighted imaging (Fig. 4) . Spinal PET with FDG and MET indicated high accumulation within the lesion with SUL max and SUV max values of 7.879 and 6.547, respectively. Surgical verification of the tumor suggested an invasive nature of the anaplastic tumor. Pathological diagnosis of the tumor after surgery revealed an anaplastic astrocytoma with an MIB-1 index of 30%.
Case 5
A 37-year old female presented with an acute progression of gait disturbance. Thoracic MRI showed spinal cord swelling with intramedullary hyperintensity on T2-weighted imaging and heterogeneous enhancement on T1-weighted imaging ( intramedullary origin. Three courses of chemotherapy using ifosfamide, carboplatin, and etoposide (ICE regimen) were administered and followed by whole-brain and spinal irradiation. Sequential PET analysis indicated satisfactory remission of the spinal intramedullary lesion.
discussion
The pathophysiological characterization of spinal cord metabolism may provide insights into the differential diagnosis of spinal intramedullary lesions. However, quantification of the spinal cord using PET is challenging because of the small cord size and osseous contamination, even under benign conditions, compared with the brain. Normal metabolic patterns in the healthy spinal cord remain under investigation and are not yet fully understood.
3,4,9,12,14 Numerous PET studies for brain tumors have been reported, and the usefulness of this modality in qualitative imaging diagnosis is well established. 1, 2, 7, 10, 20, 22, 23 The diagnostic validity of PET for patients with brain tumors has been established for evaluating tumor malignancy, therapeutic response, or differentiation of tumor recurrence from tissue necrosis. However, few studies on spinal intramedullary lesions have been reported. 5, 6, 8, 11, 13, [15] [16] [17] 18 Although the majority of previously published studies are illustrative case reports, the findings suggest that spinal PET may play a role in the clinical diagnosis of spinal intramedullary lesions by helping to identify diagnostically troublesome lesions based on metabolic activity. Wilmshurst et al. conducted a prospective study to investigate the use of FDG-and MET-PET for detection of spinal intramedullary tumors in 14 patients over a 5-year period. 25 The study consisted of patients with astrocytoma, ependymoma, mixed ependymoma and astrocytoma, schwannoma, and ganglioglioma. The authors studied 7 patients who underwent FDG-PET and 1 patient who underwent MET-PET prior to surgery. Other patients were studied after surgery and/or radiation. The authors stated that PET did not provide additional useful information in their small group of patients because all tumors exhibited low-grade malignancy, and the limited spatial resolution of PET did not allow high-quality imaging analysis. The authors concluded that a prospective study using a larger number of patients with a wider range of tumor types was required, but conducting such a study may be difficult to achieve given the rarity of spinal cord tumors. Tomura et al. also used spinal PET to examine 9 patients with spinal intramedullary tumors. 21 These authors showed that both FDG and MET accumulated in ependymoma (excluding a myxopapillary ependymoma) and Fig. 1 . Graphs showing the mean SUL max from FDG-PET (left) and the SUV max from MET-PET (right). Values in high-grade malignancy are significantly higher than those in low-grade malignancy, whereas no significant difference is evident between low-grade malignancy and nonneoplastic lesions. *p < 0.05. n.s. = not significant. to a large degree in anaplastic astrocytoma. The authors also reported that FDG can accumulate in tumors with hemorrhage. In their study, 3 tumors with hemorrhage, including a cavernous malformation, showed increased accumulation of FDG. All 3 tumors with hemorrhage exhibited microscopic hemorrhages without evidence of subacute hemorrhage. Although the mechanism of FDG accumulation in tumors with hemorrhage was unknown, the authors speculated that it may be related to mononuclear perivascular infiltrates, gliosis, and activated macrophages. In the present study, we demonstrated that both FDG and MET accumulate significantly in spinal intramedullary tumors classified as high-grade malignancies and that SUV values correlate significantly with the tumor proliferation index. Therapeutic response after chemotherapy or radiation in high-grade malignancies was well monitored. However, difficulties can still be encountered when differentiating low-grade malignancies from nonneoplastic lesions. The present findings suggest that nonneoplastic lesions do not always demonstrate a low SUL max or SUV max in both FDGand MET-PET. Accumulation of FDG or MET in the spinal cord can be affected by inflammatory or glial reactions.
The present study appears to be the first attempt to perform a quantitative analysis of spinal intramedullary lesions using spinal PET/CT, which is more accurate and informative than ordinary PET. However, several limitations must be considered. The first limitation is the heterogeneity of the tumor pathology in a small number of patients. A larger number of patients would be desirable in order to reach definitive conclusions regarding correlations between SUL max or SUV max and tumor malignancy. The second limitation is the lack of data regarding FDG and MET accumulation in the normal healthy spinal cord. Another issue to be resolved is how accurately postoperative PET/CT can illustrate subtotal resection when grosstotal resection is thought to have been accomplished. In the present study, PET/CT was not routinely performed after surgery, except in cases of high-grade malignancy. It may be difficult to detect the small residual tumor on postoperative MRI because the resolution of PET/CT on such Fig. 3 . ROC curves for FDG-PET and MET-PET. An increase in SUL max or SUV max is a valid diagnostic indicator for differentiating tumors with high-grade malignancy from tumors with low-grade malignancy. An SUL max of 4.0 was considered to be the best diagnostic cutoff value for FDG-PET with 100% sensitivity and 91.7% specificity. An SUV max of 3.0 was considered to be the best diagnostic cutoff value for MET-PET with 75% sensitivity and 100% specificity. a small lesion is still limited. Finally, although in the present study we were unable to confirm the clinical significance of spinal PET/CT in differentiating low-grade malignancies from nonneoplastic lesions, having such clinical information on tumor malignancy before treatment may help physicians judge the surgical indication or strategy.
conclusions
PET can provide important information on tissue metabolism in a noninvasive manner. This study of spinal PET/CT demonstrated that both FDG and MET accumulate significantly in spinal intramedullary tumors classified as high-grade malignancies and that SUVs correlate significantly with the tumor proliferation index. Therapeutic response after chemotherapy or radiation in high-grade malignancy was well monitored. However, difficulties remain in differentiating low-grade malignancies from nonneoplastic lesions. We believe that spinal PET/CT may have an important role to play in clinical diagnosis by helping to identify diagnostically troublesome lesions based on metabolic activity, although further technological refinements, such as the selection of radiotracer and the evaluation methods, are needed. 
